Abstract. Stem form is the short name of the tree trunk shape. Stem form determines the quantity and quality of trunk volume, and affects forest timber volume and stand merchantable volume. Based on Populus deltoides Bartr. ex Marsh. in the Dongting Lake region of Hunan Province in China, changes in the breast-height form factor (f 1.3 ) and experimental form factor (f a ) under different waterlogging durations and stand ages were analyzed using the two-way analysis of variance (ANOVA). The results showed that the differences in waterlogging duration for f 1.3 were not significant, but were significant for f a . Tree age has significant effects on f 1.3 and f a . In addition, the f a of P. deltoides grown in stands with a waterlogging duration of 24 days and 33 days were slightly larger than the other three 50, 64, 86 days, which indicated that trees grown in these stands (24, 33 days) had larger tree volumes. In addition, the waterlogging duration of longer than 86 days was not suitable for the growth of P. deltoides.
Introduction
Poplar trees (Populus spp.) are resilient, water-tolerant, wind-resistant, and adapted to growth in a wide range of areas. They have been introduced and planted in alluvial plains, river networks, and near the lakes south of the Yangtze River. Poplar trees are suitable for afforestation and greening in farmlands, river networks, and near the reservoirs of the Yellow and Yangtze River basins where they protect soils from the wind and wave erosion. Hence, poplar trees are one of the major tree species used for afforestation in China (Liu & Wang, 2009) . Populus deltoides Bartr. ex Marsh. is one of the most rapidly growing poplar tree species introduced in China in the last century. This species has characteristics such as rapid growth, superior quality, high production, and water resistance, enabling it to be the preferred tree species for afforestation for seasonally waterlogged beaches in lake regions, protective embankments, and restored lake regions. In addition, the timber of this very adaptable tree can be used in many ways. For quite some time the selective breed-ing and cultivation of superior P. deltoides clones has attracted the attention of many researchers in China (Pan et al., 1992; Cao et al., 1994; Tong et al., 2002; Xu et al., 2011) . This has resulted in rapid large-scale afforestation in wetlands in southern China. However, a waterlogged environment may affect the growth of poplar trees.
Cheng (1995) explored changes in tree height and growth in diameter at breast height in poplar trees before and after waterlogging. He found that when waterlogging lasts for less than three months and the height of floodwaters is less than 3 m this does not affect the survival of poplar trees used for afforestation, but these conditions affect tree growth. Wang (1993) carried out a study on differences in water resistance between poplar clones and determined which poplar species show superior resistance to waterlogging. Liu et al. (1993) conducted a study on cultivating seedlings of poplar clones under waterlogging stress. Gao et al. (2000) conducted a study on poplar physiology and ecology on beaches and pointed out that terrain elevation has significant effects on photosynthesis in poplar trees under waterlogging stress. Kozlowski & Pallardy (1997) and Lambers et al. (2008) examined the effects of waterlogging stress on tree growth. They pointed out that waterlogging not only affects tree growth in the current year but also affects tree growth in the following year. Wu & Tang (2002) conducted a study on the effects of waterlogging stress on poplar growth on beaches. He pointed out that the dominant factor affecting poplar afforestation in beaches is the average number of days with waterlogging in a year. The growth of the southern type of P. deltoides along the beach wetlands of Dongting Lake decreased with an increased duration of annual mean waterlogging while waterlogging resistance in poplar trees increases with stand age. In recent years, although some progress has been made in forest timber growth in response to waterlogging stress (Zhang et al., 1999; , a unified understanding of the specific mechanisms by which waterlogging affects forests is still lacking. Studies have shown that waterlogging inhibits the growth of many plants and the height growth of P. deltoides decreases under waterlogging stress (Yamamoto, 1992; Tang et al., 1998; Jin et al., 2011) .
Stem form can serve as an important factor that is often measured in trees because it determines the quantity and quality of timber volume and its variation directly affects both trunk timber volume as well as the total volume of timber produced (Zhong et al., 2002) . The effects of genotype, age, branching, and other intrinsic factors can affect differences in stem form. Moreover, environmental differences can affect stem form, such as site condition, climatic factors, terrain and geomorphology, stand density, and management measures. The stem form factor is important for determining the stem form structure of trees. Research on the effects of waterlogging duration on the stem form factor of poplar trees during waterlogging has considerable importance for cultivating poplar trees in this region and for improving the quality of stem form and timber volume of poplar trees. Therefore, in this paper, poplar trees in the Dongting Lake region of Hunan Province, China, were used as the study subject. We studied the changes in the stem form factor under different durations of waterlogging and stem form structural variation patterns in order to identify what type of waterlogged environment is suitable for poplar tree growth.
Study sites
Dongting Lake, located in northern Hunan Province on the south bank of the Yangtze River, (28-29°N, 110-113°E) features a subtropical climate with abundant rainfall and sunshine where rainfall and relatively high humidity occurs during the same season. The thick soil layer in this region contains abundant amounts of organic matter and minerals, making it extremely suitable for the growth of southern black poplar that originated in the Yunmen swamp (Li, 2000) . Dongting Lake has an area of 18,780 km 2 , of which 15,200 km 2 lies within Hunan Province. Dongting Lake, China's second largest lake, collects water from the Xiangjiang, Zijiang, Yuanjiang, and Lishui rivers, while some floodwater from the Yangtze River backs into Dongting Lake during the flood season. The Dongting Lake watershed serves as an important production base for food, cotton, oil, hemp, and fish in China and provides major ecological service functions in regulating floodwaters, reducing pollution, and regulating the climate (Xie & Chen, 2008; Du et al., 2009) . Variations in the water levels and relationships between Dongting Lake and floodwaters from the Ching River have resulted in changes in the amount of water and sediment entering the lake. These changes in Dongting Lake have been caused by both natural and human factors. Every year, around 100 Mt of sediment are deposited at the bottom of the lake, ultimately forming a large area of fertile beaches. The beaches of Dongting Lake resulted from sedimentation from the Yangtze River and the four tributary rivers. An average of 1.4 × 10 8 m 3 of sediment is deposited annually in the lake (Xiao, 1996) . The area with different types of beaches in the Dongting Lake region in Hunan Province covers 222,000 ha. In addition, the beach area of the lake shows a significantly increasing trend at a rate of 45 km 2 a year -1 (Li & Deng, 1993; Xiao, 1996) .
Material and Methods
All materials used in this study were obtained from the southeast beach of the Yuanjiang River along the shores of Dongting Lake in Hunan Province, China. The experimental forest site covered a slope length of 550 m with a single-sided gentle slope. The elevation varied by only 2.7 m and had a slope ratio of 4.9‰ in the study area.
The site was afforested with a mix of poplar clones planted in a grid pattern of 6 m × 8 m. In order to examine the effects of variations in waterlogging duration on the suitability of the beach for tree cultivation and to analyze the stem form structure of poplar trees, we set up permanent plots based on elevation differences of 0.5 m in the experimental forest on the southeastern lake beach. Hydrological observation data from major hydrological stations collected during flood seasons in large lake beach areas with poplar trees were used in this study. We found that the sampling plots with different elevations experienced an annual average of five waterlogging durations t, namely 24, 33, 50, 64, and 86 days. There are eight tree ages (1-8 years) in each treatment of waterlogging duration.
We selected 3-5 average trees from stands by each age and for these selected trees measured the tree height and diameter at breast height before cutting down (Table 1) . And a total of about 135 trees were cut down. The mean cross-sectional quadrature was used to obtain the timber volume v. The breast height form factor (f 1.3 ) and experimental form factor (f a ) were used as markers for stem form. Lin (1974) found that the experimental form factor was the other form factor which is a convenient measurement and used for calculating tree volume (Zheng et al., 1997; Zhu et al., 2018) . The calculation equations for these two factors are as follows:
Where g 1.3 = tree basal area, h = tree height, v = tree volume.
Next, we conducted a two-way analysis of variance (ANOVA) of different durations of waterlogging and tree age on breast
height form factors, and experimental form factors to examine the effects of waterlogging duration on structural changes of stem form in poplar trees near Dongting Lake. The ANOVA analysis and post-hoc multiple comparisons (Duncan method) were performed using SPSS software. Table 2 shows the ANOVA results about the breast height form factor. For tree age: F = 18.031, p < 0.001. It indicated the differences in breast height form factor f 1.3 between different ages were significant. In contrast, the differences in breast height form factor f 1.3 between different waterlogging durations were not significant (p = 0.692) (Figure 1) . Figure 2 shows the post-hoc results of breast height form factor (f 1.3 ) between eight ages. It was found that the differences in breast height form factors (f 1.3 ) between the four different tree ages (2, 6, 7, 8 years) were not significant (p = 0.114). The differences in f 1.3 among the three ages (2, 5, 6 years) were also not significant (p = 0.178). Insignificant differences were also observed in f 1.3 among the three ages (3, 4, 5 years, p = 0.114). In contrast, the f 1.3 in one age (1 year) was significantly larger than f 1.3 in the other 7 ages (Figure 2 ). In terms of post-hoc results of the experimental form factors f a by waterlogging durations, there were no significant differences among the five durations (Figure 3 , p = 0.783).
Results

Effects of tree age and waterlogging duration on stem form factor
Effects of tree ages and waterlogging durations on the experimental form factor
From Table 2 , we found the ANOVA results about the experimental form factor f a . For tree age: F = 12.232, p < 0.001. It showed that the differences in the experimental form factor f a between different tree ages were significant. For waterlogging duration t: F = 3.996, p = 0.011. It also indicated that the differences in the experimental form factor f a between different durations of waterlogging were significant (Figure 1 ). In addition, it was found that no significant differences existed in the experimental form factors f a between these four tree ages (1, 2, 7, 8 years, p > 0.05) (Figure 4 ), which also indicated that the differences were not significant among the four ages (1, 6, 7, 8 years, p = 0.202) or among the two different groups of three ages (3, 5, 6 years, p = 0.107) and (3, 4, 5 years, p = 0.237) (Figure 4 ). There were also insignificant differences in f a between the four waterlogging durations (24, 33, 50, and 64 days, p = 0.991). In contrast, f a in waterlogging durations for 86 days were significantly smaller than those in the other shorter durations (p < 0.05, Figure 5 ). It indicated that when the durations were smaller than 86 days, the stem form remained relatively stable and the timber volume of trees planted in the areas with a short duration of waterlogging was relatively large. In other words, it could be concluded that afforestation with poplar was not successful with waterlogging lasting 86 days. 
Discussion
Tree volume is commonly calculated from the diameter at breast height, height and a form factor (f), which may be seen as a reduction factor of a cylinder (with diameter at breast height and height) to the actual form of the tree (Akindele & LeMay, 2006; Adekunle, 2007) . As we know, form factor is an important component for estimating tree volume (Pollanschütz, 1965; Colgan et al., 2014) as tree forms differ due to site conditions (Bi & Turner, 1994) , different planting densities and forest management practices (Ferreira, 1997; Ikonen et al., 2006) , provenance factors (Socha & Kulej, 2007) , and stand age (Avery & Burkhart, 2002) . Ferreira et al. (1997) reported that the form factor values decreased with increasing the spacing for Eucalyptus spp. (more cylindrical trunk in high-density stands). Balloni & Simoes (1980) also found that the form factor of Pinus patula Schiede ex Schltdl. & Cham. decreased as the spacing increased. This change reflected an increase of almost 10% in real volume, highlighting the importance of evaluating such a feature in the study of vital space. The form factor has high importance in the final uses of the wood, where more tapered logs generate a smaller quantity of processed wood for any minimum diameter use in any country. Figueiredo et al. (2005) presented that the form factor had a closer relationship to the cylindrical shape in younger trees, whereas in older trees the conicity is higher. The tree stem taper is the relative rate of change in tree diameter with increasing height (West, 2009; Burkhart & Tomé, 2012) , which could be described by the breast height form factor (f 1.3 ). However, the experimental form factor (f a ) was not affected by tree height (Forslund, 1982) .
In this study, the analyses of the form factors of P. deltoides, described by the experimental form factor (f a ) and breast height form factor (f 1.3 ), showed that the influences of tree age and waterlogged time on f 1.3 are not significant at level 0.05, but significant for f a . Tree height of P. deltoides decreased due to waterlog (Tang et al., 1998; Jin et al., 2011) and thus affected the tree form. Conner (1994) found that both tree diameter and height of bald cypress (Taxodium distichum (L.) Rich.) and Chinese tallow (Triadica sebifera L.) Small) seedlings were affected by waterlogging. Several researches reported that trees are heterogeneous in structures along waterlogging gradients (e.g., Smith-III, 1992; Duke et al., 1998; Sherman et al., 2003) , as well as in forest productivity. found that the waterlogging depth had significant effects on the growth and stem from structure of Taxodium ascendens Brongn. In summary, we found that the tree stem form of P. deltoides changed insignificantly at level 0.05 when the waterlogging duration was less than 86 days. However, when waterlogging duration was longer than 86 days, the tree stem form changed significantly at level 0.05. It indicated that the waterlogging duration of longer than 86 days was not suitable for the P. deltoides growth. In addition, the experimental form factors f a of P. deltoides grown in the stands with waterlogging duration of 24 days and 33 days were slightly larger than the other three periods of 50, 64, 86 days, which indicated that trees grown in these stands (24, 33 days) had larger tree volumes.
Conclusions
This study analyzed the effects of tree age and the duration of waterlogging on changes in stem form factors of P. deltoides trees in the Dongting Lake region and obtained the following conclusions: -Different durations of waterlogging do not have significant effects on breast height form factors in poplar trees but do have significant effects on experimental form factors. Tree height has some effects on the breast height form factor but not on the experimental form factor. Therefore, the differences in experimental form factors showed that different durations of waterlogging affect changes in stem form structure in poplar trees in this region. In addition, tree age has significant effects on breast height form and experimental form factors. -When P. deltoides were used for afforestation along the beaches of Dongting Lake, no significant differences in experimental form factors of poplar trees were observed under flowing water and within an annual mean waterlogging duration of 86 days, i.e., stem form remains relatively stable and the trees can be used for afforestation. However, when the annual mean waterlogging duration exceeds 86 days, the variation in experimental form factor changes is larger and stem form becomes unstable, making the sites unsuitable for poplar afforestation.
